Acute response of net muscle protein balance reflects 24-h balance after exercise and amino acid ingestion. Am J Physiol Endocrinol Metab 284: E76-E89, 2003. First published September 11, 2002 10.1152/ajpendo.00234.2002-The purpose of this study was to determine if the acute anabolic muscle response to resistance exercise and essential amino acids (EAA) reflects the response over 24 h. Seven subjects participated in the following two 24-h studies: 1) resting (REST) and 2) rest plus resistance exercise and consumption of EAA (ES). Net balance (NB) across the leg was determined for four amino acids. [
IT IS CLEAR THAT the combination of exogenous amino acids, administered either intravenously (7) or orally (21, 25, 26) , and resistance exercise is a potent stimulator of acute net muscle protein synthesis (PS). Stimulation of net muscle PS by amino acids and exercise is of large magnitude and is primarily the result of an increase in muscle PS rather than a decrease in breakdown. Interpretation of the results of these studies is dependent on the assumption that the response of net muscle PS is additive to the balance that would occur during a normal day in the absence of the exercise and amino acid ingestion. Although the magnitude of the response to oral ingestion of amino acids after exercise is large, it is also transient (21, 25, 26) . Thus there is uncertainty as to the impact of these transient responses on chronic changes in muscle metabolism and muscle mass.
It has been proposed that protein metabolism exhibits a homeostasis whereby dietary-induced stimulation of protein balance during the day would be countered by a subsequent nadir in the middle of the night and the net change would be zero for the full day (16, 17, 20) . Furthermore, in our previous studies, the large acute changes were measured in the fasting state. A recent study showed that the response of muscle PS may become refractive to hyperaminoacidemia in certain situations (8) . Thus it is possible that changes in net muscle protein balance resulting from hyperaminoacidemia after exercise would be diminished by a meal before the exercise or may diminish the response to a subsequent meal. Either scenario would affect the total response of muscle over a full 24-h day, possibly diminishing the total response.
Therefore, the purpose of the present study was to determine if the response of net muscle protein metabolism to resistance exercise and amino acid ingestion measured acutely was reflective of that measured over a full 24-h day. We measured net muscle protein balance of healthy volunteers for 24 h on two separate occasions, once while they rested comfortably and once when they also performed a resistance exercise bout and consumed 30 g of essential amino acids (EAA).
METHODS

Subjects
Seven healthy volunteers (4 females, 3 males) participated in each of two trials. The study design, purpose, and possible risks were explained to each subject before written consent was obtained. The Institutional Review Board and the General Clinical Research Center (GCRC) of the University of Texas Medical Branch at Galveston approved the study protocol. All subjects were healthy, nondiabetic, and normotensive and had normal cardiac rhythm with no abnormalities, as judged by medical history, physical examination, resting electrocardiogram, and laboratory blood and urine tests. All volunteers were recreationally active, but none had partici-pated in resistance training for at least 1 yr. Subjects were instructed to refrain from physical exercise for 48 h before each study. Mean age was 26.7 Ϯ 1.0 (SE) yr, weight was 73.0 Ϯ 5.0 kg, height was 1.75 Ϯ 0.15 m, and body mass index was 23.7 Ϯ 0.6 kg/m 2 . At least 1 wk before the initial infusion protocol, each subject was familiarized with the leg extension machine, and his or her one-repetition maximum (1 RM; the maximum weight that can be lifted for one repetition) was determined. Mean 1 RM for the leg extension was 116.7 Ϯ 16.1 kg.
Experimental Protocol
A schematic diagram of the study protocol is presented in Fig. 1 . The protocol was designed to determine if the acute response of net muscle protein balance to the interaction of resistance exercise and EAA ingestion was reflective of that over 24 h. Each subject participated in two 24-h infusion protocols, a resting protocol (REST) and an exercise-supplementation protocol (ES), in random order. Net muscle protein balance was calculated for the entire 24-h period and for a 3-h period from 1100, i.e., the beginning of the resistance exercise protocol for ES, including ingestion of 15 g of EAA immediately before the exercise and a second EAA ingestion 1 h after completion of the exercise bout during ES. During REST, 3-h net muscle protein balance was calculated for the corresponding time period.
The possible influence of dietary fluctuations on net muscle protein balance during each infusion study was minimized by standardization of the diet for each subject for 4 days before each study. Before the first infusion protocol, subjects completed a 3-day diet record. The GCRC dietitian analyzed the diet utilizing Nutritionist IV software (N 2 Computing, Silverton, OR) and designed a 5-day diet for each subject that matched the subject's habitual diet in energy, protein, carbohydrate, and fat intake. Habitual dietary intake and standardized diet are summarized in Table 1 . For 4 days before each protocol, the GCRC kitchen prepared all meals consumed by each subject, and subjects were instructed not to consume anything other than water outside of the prepared diet. Energy intake was 100% of habitual on the first 2 days of the diet period, 110% on the second 2 days, and 80% of habitual on the day of the study (day 5). This pattern was used to ensure that subjects were in energy balance over the entire 5-day diet period while consuming only two meals on the day of the study. Subjects consumed only two meals so that the response to the EAA ingestion and resistance exercise could be clearly delineated by measuring net muscle protein balance over a sufficiently long time period after exercise. Protein intake was 100% of habitual for all 5 days of the diet standardization period, including the study day. The REST trial consisted of a 26-h isotope infusion and 24-h sampling period while the subjects rested comfortably in a bed at the GCRC. Movement was not prohibited, and subjects were free to stand up and move around, but the nature of the study, i.e., the catheters and infusion pumps, made it uncomfortable for the subject to do more than minimal movement. Thus subjects spent the majority of their time lying in bed. Two meals were consumed during the protocol. The first meal was consumed in the morning, immediately after the first biopsy and arteriovenous sample. The second meal was divided into eight small doses of a liquid supplement (condensed milk or Boost; Mead Johnson, Evansville, IN) consumed at 15-min intervals over a 2-h period in an attempt to maintain isotopic steady-state during Fig. 1 . Study protocol. Rest (REST) and exercise-supplementation (ES) trials are identical with the exception of the addition of the ingestion of 2 ϫ 15 g essential amino acids (D) and a resistance exercise bout indicated below the timeline. Net muscle protein balance and fractional synthesis rate (FSR) were determined for the entire 24-h period of both trials and for 3 h corresponding to the acute period of drink ingestion and exercise (EX) from 1100 to 1400. M, ingestion of meals; BF, breakfast period, 0900-1100; PE, postexercise period, 1400-1700; ML, 2nd meal period, 1700-2000; NT, middle of the night, 0000-0300; AM, morning fasting period, 0500-0800; CON, control; B, muscle biopsy. Values are means Ϯ SE. Habitual is the diet calculated from 3-day diet records. Days 1-4, consumption on the 1st through 4th days of the diet standardization period; study day 5, day of the 24-h study period; total, total amount consumed on the study day; meal 1, amount consumed during the 1st meal on the study day; meal 2, amount consumed during the 2nd (liquid) meal during the study day.
this time (for enrichment values, see Tables 2 and 3) . Approximately 40% of the energy and 50% of the protein were consumed during the first meal of the study day, and 60 and 50% of the energy and protein, respectively, were consumed during the second meal (Table 1) .
Subjects were admitted to the GCRC on the evening before each study day. The next morning, an 18-gauge, polyethylene catheter was inserted in a large peripheral vein of each arm. One catheter was for infusion of isotopic tracers, and the second, in the contralateral arm, was used for blood sampling for blood flow measurement. Catheters were inserted in positions to prevent occlusion by bending of the arms. After background blood sampling, a primed-constant infusion of L-[ring-
13 C6]phenylalanine was started at 0600. The priming dose and infusion rate were 2 mol/kg and 0.05 mol ⅐ min Ϫ1 ⅐ g Ϫ1 . The infusion continued throughout the 24-h sampling protocol (i.e., until the final muscle biopsy at 0800 the next morning). Catheters were then placed in the femoral artery and vein for arteriovenous sampling across the leg. The femoral arterial catheter was also used for infusion of indocyanine green dye (ICG) for blood flow measurement using the dye-dilution technique, as previously described (4, 6) . Briefly, ICG (0.5 mg/ml) was infused (60 ml/h) in the femoral artery. Blood samples were taken simultaneously from the femoral vein and peripheral vein to measure ICG concentration in each. Blood was placed in serum separator tubes for later spectrophotometric measurement of the dye in the samples.
At ϳ0800, after 2 h of tracer infusion for establishment of isotopic steady state, the first arteriovenous blood samples were taken from the femoral vessels, and the first of five muscle biopsies was taken from the vastus lateralis. The first meal was then served and completely consumed by no later than 0900. Arteriovenous blood samples were taken on the hour throughout the next 24 h (until 0800 the next morning) and more frequently at times when amino acid concentrations were changing, e.g., after meal and amino acid ingestion and at six selected periods when blood flow was measured. All blood samples for measurement of arterial and venous concentrations and isotopic enrichments were immediately placed in preweighed tubes containing 1 ml sulfosalicylic acid/ml blood.
ICG infusion was initiated 10 min before blood flow sampling. Blood samples were taken from the femoral vein and a peripheral vein two times during each blood flow-sampling period. Blood flow sampling was performed from 1200 to 1220, 1600 to 1620, 1800 to 1820, 0230 to 0250, and 0730 to 0750. One subject had no blood flow sampling during the 1200-1220 time period for the REST trial. The second meal Units are tracer-to-tracee ratios (t/T).
was begun at 1700, and further doses were ingested every 15 min until 1845. Five percutaneous muscle biopsies were taken from the lateral portion of the vastus lateralis using sterile technique over the 24-h period. Biopsies were taken at 0800, 1630, 1830, 0300, and 0800 (next morning). For each biopsy, skin and subcutaneous tissue were anesthetized with 1% lidocaine, and an ϳ6-mm incision was made in the skin and muscle fascia. No more than three biopsies were taken from any single incision; thus, two incisions were necessary for a total of five biopsies. Each individual biopsy was separated from the previous biopsy by at least 1 cm in an attempt to minimize the influence of local inflammatory responses. A 5-mm Bergström biopsy needle (Depuy, Warsaw, IN) was advanced through the skin and fascia deep into the muscle with the cutting needle closed. With suction applied, the cutting cylinder was opened and then closed two to three times. A sample of ϳ50 mg of mixed muscle tissue was obtained with each biopsy, rinsed of excess blood with icecold saline, blotted dry, and quickly (within 1 min) frozen in liquid N 2. Blood samples for insulin measurements were taken at 0800, 0900, 1330, 1830, 2000, 0215, and 0700 from the femoral artery and placed in serum separator tubes.
The ES protocol was identical to REST with the addition of a resistance exercise bout and two amino acid drinks. During ES, subjects were transported by gurney to the Exercise Metabolism Laboratory in the Shriners Hospitals for Children at ϳ1100 for the resistance exercise bout. During ES, there was an additional blood flow measurement period from 1115 to 1135 during the exercise bout. Infusion of ICG in the femoral artery for measurement of leg blood flow was initiated at 1114 followed immediately by commencement of the resistance exercise bout. Resistance exercise consisted of eight sets of eight repetitions of knee extension exercise at 80% of 1 RM. There were 2 min of rest between sets. Blood samples were taken from the femoral vein and the peripheral vein contralateral to the infusion catheter for measurement of leg blood flow after the fourth and the eighth (final) set of knee extensions. Arteriovenous blood samples were taken after the sixth set of leg extensions (i.e., ϳ15 min after ingestion of the first drink). Subsequent to completion of the exercise bout, the subject was returned to the GCRC for the remainder of the 24-h protocol.
EAA Solution
During ES, each subject consumed 2 ϫ 15 g of an EAA solution in 350 ml of ddH 2O. The drinks were ingested immediately before the resistance exercise bout (1115) and 1 h after completion of the bout (1235). This pattern of timing 13 C6]phenylalanine (0.2619 g), which was added to minimize the disruption of isotopic steady state during bolus ingestion of the solution. A small amount of artificial sweetener, containing aspartame, was added to the solution to improve palatability. The artificial sweetener contained Ͻ200 mg amino acids, and this amount is factored into the totals.
Analysis of Samples
Blood. Amino acid enrichment and concentration of phenylalanine in whole blood were measured by gas chromatography-mass spectrometry (GC-MS; Hewlett Packard 5973, Palo Alto, CA) and expressed as tracer-to-tracee ratios (t/T) (5, 6, 13) . Upon thawing, 500 l of the sulfosalicylic extract was passed over a cation exchange column (Dowex AG 50W-8X, 100-200 mesh H ϩ form; Bio-Rad Laboratories, Richmond, CA) and dried under vacuum using a Speed Vac (Savant Instruments, Farmingdale, NY). To determine the enrichment of infused amino acids in whole blood, the tertiary-butyldimethylsilyl (t-BDMS) derivative of each amino acid was made according to previously described procedures (12, 13, 18) . Concentrations of free amino acids were determined using an internal standard solution, as previously described (4-6, 13, 18 added in a ratio of ϳ100 l/ml blood. Because the tube weight and the amount of blood were known, the blood amino acid concentration could also be determined from the internal standard enrichments measured by GC-MS based on the amount of blood and internal standard added (4, 18) . Appropriate corrections were made for overlapping spectra that contributed to the t/T (22) . Leg blood flow was determined by spectrophotometrically measuring the ICG concentration in serum from the femoral vein and the peripheral vein, as described previously (3, 4, 6, 18) . Leg plasma flow was calculated from steady-state values of dye concentration and converted to blood flow using the hematocrit (4). Plasma insulin levels were determined by RIA (Diagnostic Products, Los Angeles, CA). Intra-assay coefficient of variation was 1.45%.
Muscle. Muscle biopsy tissue samples were analyzed for mixed protein-bound and free intracellular amino acid enrichment and concentration, as previously described (3, 4, 6, 12, 13, 18) . Tissue biopsies (ϳ50 mg) of the vastus lateralis were immediately blotted and frozen in liquid nitrogen. Samples were then stored at Ϫ80°C until processed. Upon thawing, ϳ20-25 mg tissue were weighed, and protein was precipitated with 0.5 ml of 10% perchloroacetic acid. The tissue was then homogenized and centrifuged, and the supernatant was collected. This procedure was repeated two more times, and the pooled supernatant (ϳ1.3 ml) was processed as were the blood samples described in Blood. To determine intracellular enrichment of infused tracers, the t-BDMS derivative was prepared as previously described (4, 9, 18) and analyzed by GC-MS. Intracellular enrichment was determined by correction for extracellular fluid based on values determined from the chloride method (2, 4) . Muscle free amino acid concentration was measured with the internal standard method, with corrections for the contribution of extracellular fluid and for overlapping spectra, as described in Blood and previously (4, 6, 9, 18) .
The remaining pellet of muscle tissue was further washed two times with ddH2O and two times with absolute ethanol. It was then placed in an oven and dried at 50°C overnight. The dried pellet was then hydrolyzed at 110°C for 24 h with 6 N HCl. The protein hydrolysate was then passed over a cation exchange column, dried by a Speed Vac, and derivatized with t-BDMS, as described for Blood. Enrichment of protein-bound L-[ring-
13 C6]phenylalanine was determined by GC-MS (model 5973; Hewlett-Packard) with a splitless injection and positive electron-impact ionization, as described previously (18, 25) . Mass-to-charge ratios 237 and 240 were monitored. These ions are the m ϩ 3 and m ϩ 6 enrichments, respectively, where m ϩ 0 is the lowest molecular weight of the ion. The ratio of m ϩ 6 to m ϩ 3 was used because it is more sensitive than the traditional m ϩ 6/m ϩ 0 (used for blood samples). Enrichment from the protein-bound samples was determined with a linear standard curve of known m ϩ 6-to-m ϩ 3 ratios and corrected back to the absolute change in m ϩ 6 enrichment over the incorporation period.
Calculations
Chemical net amino acid balance (NB) across the leg was calculated from the difference between the femoral arterial and venous concentrations multiplied by the blood flow. Thus
where C a is the arterial amino acid concentration, Cv is the venous amino acid concentration, and BF is leg blood flow.
The primary endpoint of the study is the comparison of the amino acid (phenylalanine) uptake or release (i.e., exchange) over 24 h and that for an acute period including the exercise and EAA ingestion. Area under the curve was used to calculate total amino acid exchange (mg), i.e., uptake (ϩ) or release (Ϫ), across the leg for the entire 24-h period and for 3 h from 1100 to 1400. The 3-h time period represents the acute measurement period around the resistance exercise bout and ingestion of EAA during ES. For the 24-h balance across the leg, the baseline was zero. For the acute 3-h period, the immediately preceding resting value (1100 sample) was used as baseline so that all values reflected the uptake resulting from the ingestion of EAA combined with exercise. The difference in milligrams between the 24-h value for ES and for REST, and the difference between the 3-h value for ES and for REST, is also calculated for each amino acid. Additionally, amino acid balance was calculated for leucine, valine, and glycine to assess the responses of other amino acids.
Because phenylalanine is not metabolized in muscle, muscle PS from blood-borne amino acids and the appearance of amino acids in the blood from muscle protein breakdown (PB) can be estimated using the NB across the leg and the arterial and venous enrichments of L-[ring-
13 C6]phenylalanine (24, 28)
where Ea is the arterial enrichment of L-[ring-
13 C6]-phenylalanine and Ev is venous enrichment and PS ϭ NB ϩ PB PB, PS, and NB were calculated for six time periods by combining the individual measurements within each period and using the mean values in the calculations (see below). These time periods were chosen to delineate the temporal changes during the 24-h periods with and without exercise and amino acid ingestion.
The fractional rate of mixed muscle PS (FSR) was determined for the entire 24-h period (0800-0800) and for periods of the 24-h labeled day (0800-1630), meal (1630-1830), and night (1830-0800). FSR (%/h) was calculated as outlined previously (13, 18) . Briefly, mixed muscle protein FSR was determined using the free intracellular phenylalanine enrichment as the precursor pool, which appears to be the superior surrogate for the true precursor, phenylalanine tRNA enrichment, over blood phenylalanine enrichment (1, 15) . The actual mixed-muscle FSR was calculated as the mean of the incorporation of L-[ring-
13 C6]phenylalanine in mixed muscle protein over time divided by the precursor enrichment.
Data Presentation and Statistical Analysis
Data are presented as means Ϯ SE. Phenylalanine, leucine, valine, and glycine arterial and venous concentrations and NB across the leg are presented across time. For valine and glycine, data are available only from five subjects for REST and four for ES. Because data are available from only four to five subjects for valine and glycine, concentration and NB over time were statistically evaluated for phenylalanine and leucine only. Differences between REST and ES at each time point were evaluated with a paired t-test. Although a more complex model, such as ANOVA or parametric functional curve fitting yielding confidence bands for a mean response, could be used to analyze the differences across time, the lack of uniform variability exhibited by our data make it unlikely that one of these models would yield meaningful results. Bonferroni corrections were used to reduce the possibility that even one test will be false at P Ͻ 0.05. Paired Student's t-test was used to detect the differences between REST and ES for total amino acid uptake or release, FSR and the area under the insulin curve, as well as the differences between 24 and 3 h for the difference between REST and ES exchange (i.e., the net effect of the EAA ingestion and resistance exercise bout). Significance was set at P Ͻ 0.05. Additionally, total amino acid uptake or release for each amino acid was compared against zero using the paired t-test.
Leg blood flow, amino acid delivery to the muscle, PS from blood-borne amino acids, amino acid release in blood from PB, and net muscle protein balance calculated from L-[ring-13 C6]phenylalanine infusion are presented for six separate periods during the study day. The periods were chosen a priori to illustrate the changes resulting from meals, amino acid ingestion, and exercise over the study day. Time periods are as follows: 0900-1100, period after ingestion of the first meal; 1100-1400, period during ingestion of EAA drinks and resistance exercise; 1400-1700, period from influence of exercise and drinks until beginning of ingestion of second meal; 1700-2000, period from beginning of ingestion of second meal to 1 h after ingestion of the last dose of the second meal; 0000-0300, period in the middle of the night; and 0500-0800, fasting period on the second morning of study. For each period, the measured values used to calculate each parameter were averaged over the time period for each subject, and the parameters were calculated from the mean values. Parameters for the first period during ingestion of the first meal were calculated from the mean of three values, the second period, i.e., during exercise and supplementation from the mean of six values, the postexercise night and early morning fasted periods from the mean of five values, and the period during the second meal ingestion from the mean of four values. Only the last four values for the period during the ingestion of the second meal were used for calculations so that an isotopic steady state was obtained. Muscle intracellular phenylalanine, leucine, valine, and glycine concentrations are presented for each of five muscle biopsies taken throughout the 24-h period (see Fig. 1 ).
Two-way ANOVA with repeated measures on both factors was performed to evaluate differences between means for leg blood flow, amino acid delivery to the muscle, PS from blood-borne amino acids, amino acid release in blood from PB and net muscle protein balance, and muscle intracellular concentration of phenylalanine and leucine. A subject ϫ trial (REST and ES) ϫ time period (or biopsy in the case of the muscle intracellular concentration) factorial design was used. If a significant trial ϫ time period interaction was detected, a subsequent one-way, repeatedmeasure ANOVA was performed for each trial (REST and ES) to detect differences across time. For differences between trials at each time point, Bonferroni posttests were used for pairwise comparisons.
RESULTS
Insulin, Leg Blood Flow, and Amino Acid Delivery to the Leg
Area under the curve of arterial insulin above the basal value was not significantly different between ES (263 Ϯ 78 IU/ml) and REST (432 Ϯ 147 IU/ml). Leg blood flow and phenylalanine delivery to the leg are summarized for five time periods of the 24-h study in Table 4 . Leg blood flow was similar for all measurement periods during REST (Table 4 ). During ES, leg blood flow was similar to REST values for all time periods except the supplementation and exercise period. Blood flow was ϳ1.5-2 times greater during the supplementation and exercise period of the ES trial than all other time periods (P Ͻ 0.05). Overall, 24-h mean blood flow was greater for ES than for REST (6.20 Ϯ 1.23 vs. 3.42 Ϯ 0.33 ml ⅐ min Ϫ1 ⅐ kg
Ϫ1
; P Ͻ 0.05). Phenylalanine delivery during REST was greater for the second meal period than for the postexercise periods in the middle of the night and the early morning (P Ͻ 0.05). During ES, phenylalanine delivery was increased by approximately six times during the supplementation and exercise period, decreased significantly during the postexercise period (P Ͻ 0.05), but remained approximately two to three times greater than during other periods (P Ͻ 0.05).
Blood Amino Acid Concentrations
The pattern of concentration changes for all four amino acids was similar in the artery and the vein. Thus, for clarity, only the arterial concentrations are presented in Fig. 2 . EAA (phenylalanine, leucine, and valine, which were included in the EAA solution) exhibited similar patterns of blood concentrations. Amino acid concentrations were slightly increased during http://ajpendo.physiology.org/ both meals in REST and ES and declined after each meal. During ES, amino acid concentrations were increased ϳ3.5-4 times when the EAA solutions were ingested and remained elevated for ϳ4 h. Phenylalanine concentration was significantly greater for ES than for REST from 270 to 420 min, i.e., 1230-1500. Leucine concentration was significantly greater for ES than REST from 270 to 480 min, i.e., 1230-1600. Concentration of the nonessential amino acid, glycine, did not seem to change dramatically during the entire 24-h study. Figure 3 summarizes the intracellular concentrations of phenylalanine, leucine, valine, and glycine in five muscle biopsy samples taken during the 24-h study period for both REST and ES. Muscle amino acid concentrations did not change significantly during REST. During ES, intracellular phenylalanine concentrations were significantly greater (P Ͻ 0.05) for the second biopsy (1630) than all others. Phenylalanine concentration from the third biopsy (taken during the liquid meal feeding at 1830) was also greater (P Ͻ 0.05) than from the first, fourth, and fifth biopsies. Phenylalanine concentration was significantly greater (P Ͻ 0.05) during ES than REST for only the second biopsy. Mean phenylalanine value of the five biopsies was higher (P ϭ 0.02) for ES (86 Ϯ 3 nmol/ml of intracellular water) than for REST (72 Ϯ 4 nmol/ml of intracellular water). A similar pattern was exhibited by the concentration of leucine, but the two-way ANOVA did not reveal a significant interaction nor was there a significant difference between ES and REST for the mean leucine concentration across all biopsies. Valine concentration seemed to exhibit a similar pattern. There was little change in glycine concentration.
Muscle Intracellular Amino Acid Concentrations
Amino Acid Balance Across the Leg
Phenylalanine exchange across the leg, i.e., the area under the curve for NB, is the primary endpoint of the study. Exchange was calculated for phenylalanine, as well as leucine, valine, and glycine, for both REST and ES over the entire 24-h study period and a 3-h period corresponding to the ingestion of the first EAA drink and resistance exercise during ES, i.e., 1100-1400 (Table 5 ). There was a net release of phenylalanine for the 24-h study period of both REST and ES. Net release of phenylalanine was greater during REST than ES, but this difference did not reach statistical significance (P Ͻ 0.07). For the 3 h corresponding to the time of amino acid ingestion and exercise during ES, phenylalanine exchange was no different from zero for REST, but a total of 229 Ϯ 42 mg was taken up during ES (P ϭ 0.003). The difference in phenylalanine exchange between ES and REST was almost identical for the 24-h time period and the 3-h time period corresponding to EAA ingestion and exercise during ES (Fig. 4) .
Leucine exchange was not different from zero during REST for either the 24-or 3-h time period but was positive (net uptake) during ES for both time periods. Net leucine uptake was greater for ES than REST for both 24 h (P ϭ 0.002) and 3 h (P ϭ 0.001). The difference in net leucine uptake between ES and REST was significantly greater (P ϭ 0.03) for the 24-h period (1,456 Ϯ 313 mg) than the 3-h period (727 Ϯ 144 mg).
Valine exchange for the five subjects from whom data were available was similar to leucine. During REST, valine exchange was not significantly different from zero for 24 h but was negative during the 3-h period. For ES, there was net uptake of valine for both the 24-and 3-h periods. Valine uptake was greater during ES than REST for both 24-h (P ϭ 0.03) and 3-h periods (P ϭ 0.003). The difference in valine exchange between ES and REST was not statistically different for 24-h and 3-h periods (1,094 Ϯ 406 and 766 Ϯ 182 mg, respectively).
Glycine exchange was significantly different from zero only for the 24-h REST period, but glycine tended to be released during 24 h ES (P ϭ 0.057). Glycine exchange for REST was not different from ES for the 24-or 3-h period. The difference between ES and REST Values are means Ϯ SE. Rest, value when subjects rested quietly for entire 24-h period; ES, value when subjects consumed 2 ϫ 15 g of essential amino acid mixture immediately before and 1 h after resistance exercise; BF, mean value for samples taken 2 h after ingestion of first meal (0900-1100); EX, mean value for samples taken 3 h from first drink ingestion and beginning of exercise (1100-1400); PE, mean value for 4 h from the exercise period to the beginning of the 2nd meal (1400-1700); ML, mean value for samples taken during ingestion of the 2nd meal (1830-2000) ; NT, mean value for 3 h during the middle of the night (0000-0300); AM, mean value for samples taken on the 2nd morning (0500-0800). P Ͻ 0.05, significantly different between REST and ES in a given time period (a), BF within a trial (REST or ES; b), EX within a trial (REST or ES; c, PE within a trial (REST or ES; e), from ML within a trial (REST or ES; d).
was not statistically different for 24 h (Ϫ1,133 Ϯ 519 mg) and 3 h (418 Ϯ 576 mg).
Net amino acid balances across the leg over time for the entire 24-h period are presented in Fig. 5 . During REST, phenylalanine, leucine, and valine balance increased slightly after the first meal, declined, and then increased again when the second meal was consumed. After the meals, the values changed from negative to positive, indicating a change from net release to net uptake. Values returned to negative at night and in the morning. During ES, there was a slight increase of phenylalanine, leucine, and valine in response to the first meal but a very large increase from negative to positive levels in response to ingestion of EAA immediately before exercise and 1 h after exercise. Values decreased rapidly back to negative levels and then returned to positive in response to the second meal.
Paired t-tests with Bonferroni corrections indicated significant differences for both phenylalanine and leucine NB across the leg only at 300 min despite the large differences in means apparent from Fig. 5 . During the night and second morning, values of phenylalanine, valine, and leucine declined back to negative levels similar to those during REST. Glycine NB was below zero for most of the 24-h period for both REST and ES and exhibited a large degree of variability. Figure 6 summarizes muscle PS from blood-borne amino acids (PS), amino acid appearance from protein breakdown (PB), and net muscle protein balance (NB) calculated from infusion of [ 13 C 6 ]phenylalanine. There was no change in PB during REST. PB was significantly lower during the postexercise period and the period during the second meal than during the supplementation and exercise period for the ES trial. PB was significantly greater (P Ͻ 0.05) for ES than REST during the first and second periods, i.e., during inges- tion of the first meal and the period of supplementation and exercise. Overall, PB was greater (P ϭ 0.003) during ES than REST. PS was significantly reduced for the night and early morning fasted periods compared with the first early morning period (breakfast) and the supplementation and exercise period during REST. During the ES trial, PS was approximately two to six times greater during the supplementation and exercise period than all other time periods (P Ͻ 0.05). PS declined to Ϫ3 nmol⅐ min Ϫ1 ⅐ 100 ml leg vol Ϫ1 during the postexercise period, and this value was significantly lower than PS during the supplementation and exercise period and first early morning period (breakfast; P Ͻ 0.05). PS was greater for ES than REST during the early morning when breakfast was consumed and during the exercise period. Overall, PS was greater during ES than during REST. During REST, NB was significantly greater for the first early morning period (breakfast) than for the postexercise period. The first early morning period (breakfast) NB was greater than NB for the postexercise, night, and early morning fasted periods, and the supplementation and exercise period was greater than night and early morning fasted periods during REST. During the ES trial, the supplementation and exercise period NB was significantly greater than for all other time periods. NB during the first early morning meal period and the second meal period was greater than during the postexercise period for the ES trial. NB was greater during ES than REST during the supplementation and exercise period, whereas it was significantly lower for ES than REST during the postexercise period. NB changed over the 24-h period for both REST and ES. During the first early morning meal period and the second meal period for both study days and the supplementation and exercise period for REST, NB was no different from zero. NB was negative during the postexercise period for REST and during the middle of the night hours and at the end of the study on the second morning for both ES and REST. Values are means Ϯ SE in mg; n ϭ 7 experiments for phenylalanine and leucine; n ϭ 5 for valine and glycine REST; and n ϭ 4 for valine and glycine ES. 24 h, Area under curve for net amino acid balance over the entire 24-h study period; 3 h, area under the curve for net amino acid balance over 3 h from ingestion of first drink and beginning of exercise (1100-1400). P Ͻ 0.05, significantly different from REST (*) and 0 ( †).
PS from Blood-Borne Amino Acids and Amino Acid Appearance in Blood from PB
FSR of Mixed Muscle PS
During ES, mean 24-h FSR was 41% greater (P ϭ 0.003) than during REST. During the day, i.e., from the 0800 biopsy to the 1630 biopsy, FSR was not significantly different between ES (0.0586 Ϯ 0.0062%/h) and REST (0.0476 Ϯ 0.0115%/h). For the 2 h during ingestion of the second meal, FSR was significantly increased (145%; P ϭ 0.045) during ES (0.1882 Ϯ 0.0607%/h) than REST (0.0762 Ϯ 0.0089%/h). During the night, i.e., from 1830 to 0800, mean ES FSR was 29% greater than REST FSR (0.0709 Ϯ 0.0096 vs. 0.0552 Ϯ 0.0059%/h, respectively), but the difference failed to reach statistical significance (P ϭ 0.07).
DISCUSSION
This study was designed to determine if the response of net muscle protein balance to resistance exercise and amino acid ingestion previously noted on an acute Fig. 4 . Difference in phenylalanine exchange (area under the curve for net muscle protein balance in mg) between REST and ES over the entire 24 h and over the 3 h, in both trials, corresponding to the time of amino acid ingestion and exercise in the ES trial. basis (21, 25, 26) reflects the response of net muscle protein balance over an entire 24-h period. To our knowledge, these are the first data to describe the response of muscle protein balance to exercise and amino acids over a 24-h period. The results support the notion that measured changes in muscle NB over a short time period, e.g., 3 h, are representative of changes in NB for a full 24-h period. Exchange of amino acids, i.e., area under the curve for net muscle protein balance, was measured over the 3-h period corresponding to the period of amino acid ingestion and exercise and over the entire 24-h period. Ingestion of the EAA solution immediately before and 1 h after exercise improved amino acid exchange when measured both on a 24-and 3-h basis (Table 5 ). More importantly, if the response of net muscle protein balance to the amino acids and exercise is overestimated by acute measurement over 3 h, then the difference between the response during ES and REST periods, i.e., anabolic response to the exercise bout and the ingestion of EAA, should be greater when measured over 3 h than over the full 24 h. However, the difference of net phenylalanine balance between ES and REST, i.e., the response of muscle to the exercise and EAA ingestion, was similar when measured over 3 h, encompassing the exercise and amino acid ingestion vs. the full 24 h (Fig. 4) . Furthermore, the responses of leucine, valine, and glycine balance were also similar for 24 and 3 h. These amino acids include three EAA that were included in the ingested EAA solution, as well as a nonessential amino acid that was not ingested. Consistent with our previous observations (e.g., 21 and 26), we found that NB was elevated in the time surrounding and immediately subsequent to resistance exercise and the ingestion of EAA (Fig. 5) . During most of the rest of the 24-h period, NB across the leg was similar for REST and ES. Thus the acute stimulation of muscle protein by exercise and EAA ingestion is additive to the balance that normally occurs in resting muscle.
An examination of NB across time during ES (Fig. 5 ) suggests that there is a nadir in the response of NB after the initial large increase. If these data are separated into discrete time periods (Fig. 6C) , it is apparent that there is, indeed, a decline in net muscle balance that dips below the level seen during rest. This transient nadir is likely because of an efflux of some of the amino acids taken up from the blood when the zenith of concentration favored inward movement that was subsequently not incorporated into protein. Transport of amino acids into the muscle cell results in both increased muscle PS and expansion of the muscle intracellular pool. Thus not all of the amino acids taken up by the muscle while these measurements were being made were incorporated into muscle protein; therefore, elevated PS during the supplementation and exercise period probably overestimates muscle PS. Subsequently, outward efflux from transport of the amino acids would contribute to an underestimation of the calculated PS value and, thus, the negative values noted for the postexercise period. Indeed, the magnitude of the outward efflux of phenylalanine during the postexercise period in relation to the delivery to the muscle (Table 5) is consistent with the notion that there was a large amount of phenylalanine remaining in the intracellular space that leaves the muscle during the postexercise period. Hence, although the actual rate of PS is clearly reduced during this period, it is almost certainly underestimated because the negative values reported here are reflections of the large efflux of amino acids from the cell. Although there is likely an overestimation of PS during the supplementation and exercise period and an underestimation during the postexercise period, it is still clear that PS was dramatically elevated by the resistance exercise and amino acid ingestion. If we assume that the basal level of PS for ES is equal to that measured during the same period for REST, we can estimate PS for the supplementation and exercise period of ES as 223 Ϯ 36 nmol ⅐ min Ϫ1 ⅐ 100 ml leg Ϫ1 , indicating that PS was originally overestimated for the supplementation and exercise period during ES by ϳ17%. Even using the more conservative, corrected value, PS for ES is 350% greater (P Ͻ 0.001) than REST. Hence, despite a likely overestimation of PS during the supplementation and exercise period and an underestimation during the postexercise period, it is clear that the performance of resistance exercise and ingestion of EAA stimulates muscle PS, resulting in an improvement in net muscle protein balance over resting levels. Thus the total NB is greater during ES than REST, primarily because of differences in the period immediately surrounding the exercise and EAA ingestion.
Although the main endpoint of the study is the response of net amino acid balance, the response of mixed muscle FSR supports the conclusion that the acute response of muscle anabolism to exercise and amino acids reflects that of a full 24-h period. Mixedmuscle FSR measured over the entire 24 h was ϳ40% greater when subjects performed resistance exercise and ingested EAA than when subjects rested. Although we did not measure FSR for the 3 h after exercise in this study, we previously demonstrated that the combination of exogenous amino acids and resistance exercise acutely stimulates FSR over resting levels (7) . Taken together, these data support the notion that exogenous amino acids combined with resistance exercise improve net muscle protein balance primarily by increasing PS (7, 25, 26) .
Temporal patterns of muscle PS and breakdown were examined by calculating PS, i.e., PS from plasma bound phenylalanine, and PB, i.e., phenylalanine released from muscle PB that appeared in plasma using mean values from discrete time periods during ES and REST (Fig. 6 ). There were no dramatic changes in PS or PB throughout the 24-h period when subjects rested quietly during REST. However, as expected (7, 25, 26) , resistance exercise and EAA ingestion resulted in dramatic changes in PS. Furthermore, the mean value of PS for the full 24-h day, calculated from the data presented in Fig. 6 , is significantly greater (P ϭ 0.0005) for ES than for REST (79 Ϯ 11 and 36 Ϯ 5 nmol ⅐ min Ϫ1 ⅐ 100 ml leg Ϫ1 , respectively). It is interesting to note the increase in PB that accompanies increased PS. If the changes in net muscle protein balance were influenced by an inhibition of PB, then we would expect PB to be reduced during ES compared with REST. In fact, the opposite is true. PB is significantly greater for ES (67 Ϯ 11 nmol ⅐ min Ϫ1 ⅐ 100 ml leg
Ϫ1
) than for REST (49 Ϯ 7 nmol⅐ min Ϫ1 ⅐ 100 ml leg
). Thus these data support the concept that increased muscle PS is primarily responsible for the increase in net muscle protein balance resulting from resistance exercise and ingestion of exogenous amino acids. Previously, we reported that muscle PS and muscle PB are correlated (6, 18, 19) . Similarly, when all of the PS data are compared with the respective PB in the present study, a significant (P Ͻ 0.001) correlation is noted (r ϭ 0.71).
The subjects were in overall negative net phenylalanine balance during the resting study. This observation is a bit puzzling, since normal, healthy, adult humans would be expected to be in muscle protein balance rather than negative muscle protein balance. It is possible that inactivity for this period of time is sufficient to induce negative muscle protein balance and the beginning of muscle loss. Negative muscle protein balance resulting from only 24-36 h of inactivity would be a novel finding. Decreased lean body mass has been reported in as little as 7 days of strict bed rest (10, 23) ; however, the precision of methods to measure muscle loss are probably not sufficient to reliably measure muscle loss for shorter time periods. No measurement of activity was made on subjects in the present study, and they were not instructed to remain immobile. However, subjects typically rested comfortably in bed with only minimal movement during REST. Including sleeping the night before the infusion study, activity was limited for ϳ30-36 h. These data suggest that a minimum amount of activity may be necessary to maintain net muscle protein balance and, ultimately, muscle mass. Further research specifically focused on short-duration inactivity, and perhaps the minimum amount of activity necessary to maintain net muscle protein balance, appears necessary. On the other hand, negative muscle protein balance may have been an artifact of the study design. It is possible that limiting the subjects to only 80% of their normal energy intake for the 24-h study day was enough to initiate muscle loss. Although acute effects of energy imbalance have not been examined previously, Todd et al. (27) demonstrated that chronic energy balance was critical for the maintenance of nitrogen balance, especially in the absence of exercise. We attempted to normalize energy intake for 5 days, including the study day, but we cannot exclude the possibility that even an energy deficit over as short a period as 24 h may be enough to initiate net muscle protein degradation. Finally, it is also possible that the acute stress resulting from catheterization and muscle biopsies may be enough to contribute to net negative muscle protein balance. Furthermore, inactivity, at least for as much as 2 wk, seems to interact with cortisol to increase muscle PB and net muscle loss (11) . These results raise the possibility that even shorter durations of inactivity may contribute to initiation of muscle loss, especially if combined with stress.
Our previous results (7, 25) demonstrate that there is an elevation of net muscle protein balance in association with hyperaminoacidemia and resistance exercise. It has been suggested that there may be a physiological diurnal homeostasis of the body protein pool such that an elevation during feeding may be countered by a nadir in PS during fasting situations (16, 17, 20) . If this were true for muscle, we would expect to see a large decrease in net muscle protein balance during the night when our subjects were fasted. This decrease would be expected to be much greater during ES than REST, since there was a larger increase with EAA intake and exercise. In this study, there was no evidence that stimulation of muscle PS and elevation of net muscle protein balance during the day in ES resulted in a subsequent nadir. Both PS and NB were similar for ES and REST in the nighttime period. Furthermore, there was no change in PS or NB from the middle of the night to early morning. Thus there seems to be no evidence of a physiological homeostasis that compensates for excessive levels of muscle PS during the day.
During the morning meal period, both PS and PB were elevated during ES compared with REST, raising the possibility that a difference during the first period may have influenced the net 24-h response during ES and therefore our conclusions. These results are somewhat puzzling, since this period was the initial measurement period, and there should have been no difference between the treatments. The most parsimonious explanation would be for an inadvertent procedural difference between the two trials. The order of the trials was randomized so that four subjects did the REST trial first while three did the ES trial first. There was no significant difference between PS values from a subject's first trial vs. second trial, so no order effect was apparent. There were slight differences in the time of meal ingestion on any given trial day because of differences in timing of catheter placement and muscle biopsy. However, there was no correlation of the PS to the time of meal ingestion nor was there any difference in the time from meal ingestion to the first arteriovenous sample between REST and ES. Accordingly, there is no obvious procedural explanation for the observed difference between ES and REST for phenylalanine concentration, PS, or PB. More importantly, NB is not significantly different in the first early morning meal period of REST compared with ES, and this is the primary endpoint of the study.
The question remains as to whether this difference in the first early morning meal period PS and PB affected the results during the remainder of the day. If anything, one might a priori expect a greater stimulation in one time period to result in a refractory response rather than further stimulation. Bohe et al. (8) demonstrated that elevated levels of amino acids initially stimulated muscle PS, but subsequently muscle PS returned to basal levels despite continued hyperaminoacidemia. Therefore, the elevated levels of PS during the first early morning meal period for ES might be expected to result in a blunting of the response to resistance exercise and EAA. Although there was not a statistically significant difference in NB between REST and ES for the first early morning meal time period, ES was numerically higher, and it is conceivable that this difference may contribute to the overall difference between ES and REST. To address this concern, we calculated the phenylalanine exchange, i.e., area under the curve for NB, for both REST and ES without the breakfast time period included. The difference in phenylalanine exchange between ES and REST without the first early morning meal periods (21 h) was not significantly lower than that for the whole 24 h (132 Ϯ 88 and 177 Ϯ 104 mg, respectively). Furthermore, as with the full 24-h period, there was no significant difference between the 21 h without the breakfast period and the 3-h period for the difference between ES and REST phenylalanine exchange, i.e., the response to EAA ingestion and resistance exercise. Thus it appears that the unanticipated increase in phenylalanine turnover during the first time period of ES compared with REST does not affect the conclusion that resistance exercise plus amino acids stimulate net muscle PS through an increase in muscle PS and that acute measurements reflect those over 24 h.
Net muscle protein balance has been demonstrated to increase dramatically in response to exercise and amino acid ingestion when measured acutely (7, 25) . However, the question remained as to whether this acute response reflected the response of muscle over a longer time period. In this study, we confirmed that muscle protein balance is increased, primarily because of an increase in muscle PS, when measured acutely and found that this response is additive to the basal response over a full 24-h period. Thus measurement of the acute metabolic response of muscle metabolism in future studies will provide information that may be interpreted to reflect the likelihood of changes to muscle mass when the intervention is carried out over longer time periods.
